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This paper introduces a new, model-based design method for interactive health information technology
(IT) systems. This method extends workflowmodels with models of conceptual work products. When the
health care work being modeled is substantially cognitive, tacit, and complex in nature, graphical work-
flowmodels can become too complex to be useful to designers. Conceptual models complement and sim-
plify workflows by providing an explicit specification for the information product they must produce. We
illustrate how conceptual work products can be modeled using standard software modeling language,
which allows them to provide fundamental requirements for what the workflow must accomplish and
the information that a new system should provide. Developers can use these specifications to envision
how health IT could enable an effective cognitive strategy as a workflow with precise information
requirements. We illustrate the new method with a study conducted in an outpatient multiple sclerosis
(MS) clinic. This study shows specifically how the different phases of the method can be carried out, how
the method allows for iteration across phases, and how the method generated a health IT design for case
management of MS that is efficient and easy to use.
 2015 Elsevier Inc. All rights reserved.1. Introduction
The great potential for health information technology (IT) to
improve the quality and efficiency of clinical health care has yet
to be realized [1]. Health IT applications have disrupted clinical
workflow and decision-making in unpredictable and even danger-
ous ways [2,3]. Rigorous methods for designing and evaluating
health IT lag behind its widespread deployment. Designing health
IT means contending with the complexity of health care work. The
additional complexity introduced by combining health care and
interactive systems can disrupt care, discourage adoption, and
undermine health IT’s great potential value [1].
Model-based design techniques such as workflow and task
analysis are increasingly recognized by the health IT community
as important tools to create applications that are useful and usable[4–7]. However, graphical workflow models can become too com-
plex and dense when the health care work being modeled is highly
cognitive, tacit, and complex in nature. In this paper we present a
model-based design method that complements procedural work-
flow models with conceptual models of the products of those
workflows. By explicitly representing work products as conceptual
models, health IT developers can (1) reveal essential information
requirements for this important aspect of clinical care and (2)
translate them more directly into software designs.
We illustrate this method with an example from a recent study
conducted in an outpatient multiple sclerosis (MS) clinic within a
tertiary federal hospital. The method includes formative evalua-
tions to check the model’s assumptions about technical feasibility,
usability, and beneficial impact on workflow.
The case study we use to illustrate the method produced a new
system we named Patient-Centered Case Management System
(P-CMS).1 Usability testing with experienced MS case managers
indicates that the user interface of P-CMS makes it efficient and easy
to perform key use cases of the workflow.
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would save more than 15% of the time required for case manage-
ment in the clinic we studied. Technical feasibility analysis indi-
cates P-CMS can be implemented as a web application without
changing the code of the clinic’s electronic health record (EHR).
1.1. Opportunities for model-based design
Model-based design is a promising approach for contending
with the complexity IT has brought to clinical care. This turn
toward model-based design is connected to our need for evidence
that health IT will work as intended. In order to avoid introducing
unintended negative consequences into health care work, we need
to base health IT design decisions on evidence of how it will impact
the way clinical care is actually done.
One of the greatest methodological challenges for health IT
design is to document clinical care in a manner that allows us to
understand how IT should be applied to improve it. Workflow
modeling is an important form of graphically documenting care
activities and their relationships [5,6,8]. But, when workflow mod-
els become too dense and complex their graphical representations
lose much of their advantage. The goal of this paper is to demon-
strate a new technique that complements workflowmodeling with
conceptual modeling. This method leads to evidence-based deci-
sions for health IT that supports more efficient, effective workflows
of clinical care. In the following sections we introduce procedural
and conceptual approaches to modeling care, and then show how
they can be used in combination to design health IT systems with
a precise focus on information needs.
1.2. Procedural models
Task analysis and workflowmodeling are two kinds of procedu-
ral modeling. Procedural models represent the sequence and con-
tingencies of tasks performed in the service of work goals. In
health IT task analysis is typically used to model the interactions
between one human and one machine. Workflow modeling is used
more to model collaboration among groups of people using multi-
ple interactive systems.
Task analysis is a family of scientific methods used to ‘‘describe,
and in some cases evaluate, the human–machine and human–hu-
man interactions in systems” [9]. Annett [10] surveyed the histor-
ical development of these methods, recognizing contributions from
scholars in psychology and human factors, information theory, sys-
tems and control theory, artificial intelligence, knowledge engi-
neering, and human–computer interaction. Various types of task
analysis represent work in different ways to serve different aims.
For example, cognitive task analysis draws on models of human
problem solving from cognitive science [10], while hierarchical
task analysis and Goals, Operators, Methods, and Selection Rules
(GOMS) emphasize decomposing a problem into goals and sub-
goals [11]. The Task, User, Representation, and Function (TURF)
framework by Zhang and Walji is the most developed task-
analytic method for health IT [7]. TURF incorporates task analysis
models in a unified framework for designing health IT systems that
are measurably usable and useful.
In our approach, workflow is a type of business process model-
ing that can be used to describe or prescribe the work processes of
groups of people and the relationships among their activities. The
Object Management Group’s standard for Business Process Model-
ing Notation is the most developed language for modeling work of
groups that includes substantial, manually performed activities
that are supported by computing [12]. Clinical care falls under this
category of work.
Workflow models typically represent work at a higher level of
abstraction than task analysis and cover a broader scope. Forexample, a GOMS model might represent a health care provider
at her computer accessing data on patient’s vital signs via the
EHR. In contrast a workflow model might cover the broader pro-
cess: the patient arrives at the clinic and checks in, a nurse rooms
the patient and records vital signs in the EHR, and then a provider
accesses the vital signs via the EHR and plans an order and enters it
to the EHR.
Recent advances in workflow by Butler, et al. integrate the mod-
eling of workflow tasks with modeling the information that is used
and changed to perform those tasks [13,14]. Butler et al.’s MATH
method also supports discrete event simulations that enable ana-
lysts to evaluate how better health IT will impact resource use
and work efficiency [5].
1.3. Conceptual models
In contrast with procedural models, conceptual models do not
specify activities or functions. Conceptual models are declarative.
They specify the entities of a work domain, their relationships,
and transitions in state in a manner that is independent of any
given system to work on them.
Rummelhart and Norman [18] were among the first to report
scientific evidence for the distinction between conceptual knowl-
edge and procedural knowledge in human cognition. Zhang and
Norman modeled the ontology of a conceptual problem to illus-
trate their theory of External Cognition [19]. A key principle of
External Cognition is that there can be many different ways to rep-
resent a given conceptual model that are logically equivalent.
Despite their logical equivalence these representations can have
very different effects on the cognitive strategy they induce. Butler
and Zhang [13] and Zhang and Walji [7] have extended this theory
into a method for the design of interactive systems.
Conceptual models are well established for domain modeling in
software design. Jacobson’s use-case method was among the first
to popularize their application in combination with procedural
models of work [15]. Related research includes Dowell and Long
[16] who held that an object of work should be modeled as exter-
nal to the work system being designed to produce it. Dowell [16]
applied their approach in an elegant solution to the cognitive
design problem of air traffic management. Rasmussen’s method
for cognitive work analysis requires a high-level functional analy-
sis [17] that conceptual models can satisfy.
1.4. Conceptual work products in health care and health IT design
Conceptual work products are a part of domain models that
have been under recognized in popular design methods. They are
the entities that conceptual work activities operate on to transform
them to their goal (product) state. Our workflow studies have
shown conceptual work products have fundamental importance
in clinical care as diagnoses, plans for contacting patients, treat-
ment plans, and schedules for using equipment and facilities.
These are key information objects of health care work but they
have no manifestation in the material world until they are acted
on, making them vague and difficult to define clearly.
Conceptual work poses problems for health IT support. In com-
parison to tangible work done in the physical world – work that is
overtly observable – the nature of conceptual work is not as evi-
dent. An additional complication is that the knowledge about con-
ceptual work may be distributed over multiple human and
machine resources. Information systems are actually carried out
not only by computers but also by the manual and cognitive activ-
ity of clinicians. As they interact they must transform the concep-
tual work product into its goal state or the system will fail. A key
risk of failure arises if developers cannot specify the product of
conceptual work that their system is supposed to accomplish.
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in the BPMN standard [12]. In a BPMN model, activities operate on
an instance to change its state as it flows through the process
model. In task-analytic methods such as TURF, a conceptual work
product corresponds to the work domain ontology [7]. Conceptual
work products provide fundamental requirements for any health IT
system purporting to support the information needs of clinical
care.
In the terminology of knowledge representation a conceptual
work product is a declarative model that emphasizeswhat the sys-
tem must create in a manner that is independent of how it will be
created. A model of the conceptual work product represents the
work requirements of a domain independently of particular tech-
nologies or processes to accomplish them.
We will illustrate how conceptual work products can be mod-
eled as class and state diagrams that include a clear description
of a valid starting state, a valid ending state, and intermediate
states that describe acceptable transformations of the product
[13]. These essential requirements also provide a reference model
for the information architecture and important content of the user
interface. An important role of the user interface is to inform the
user of the state of the work product in order to decide the user’s
next actions.
1.5. Extending workflow models with conceptual work products
Our method combines conceptual models of work products
with procedural models to design better health IT. In this section
we describe an important limitation of procedural models (e.g.,
workflow models), and describe how conceptual models can com-
plement procedural models to overcome this limitation.
Workflow modeling languages such as Business Process Model-
ing Notation (BPMN) represent transactional work using the for-
mat of a directed graph [12]. They provide a key capability to
document how the activities of care are actually done and allow
us to analyze how they can be improved. Workflow connects
health IT to better care. However, these graphical models lose
the advantages of visual representation when they become too
complex. This can occur when trying to model work that is concep-
tual in nature and depends substantially on tacit knowledge.
Case management is an example of conceptual work. A case
manager may aim to identify patients whose treatment plans are
not progressing, discover the reason for the delay, and decide
whether and how to intervene. It is not practical to represent all this
decision-making as a workflow because the combination of factors
and contingencies is very large. For example, the case manager in
this study described several tasks she may perform simultaneously
when she receives a phone call from a patient. They include con-
versing with the patient, taking notes on paper to document the
phone call, accessing the patient’s electronic health record to
review current orders, andmaking judgments about the best course
of action to take with the patient. Additional tasks depend on the
reason for the call. If the patient is calling about a ‘‘flare up” in
the patient’s MS symptoms, the case manager may direct the
patient to the emergency room, but this depends on the severity
of the symptoms. If the patient is calling to check on the status of
a shower chair that they expected to receive, the case manager
may conclude the call, identify and contact the person responsible
for ordering the chair, and call the patient back to update them
on the status of the order. Within each of these scenarios, the tasks
could be different based on urgency, and they may occur in differ-
ent sequences. In addition, a patient may call about more than
one of these scenarios at once, further complicating the nurse’s
decision-making. Modeling all possible combinations of these sce-
narios and activities can quickly become impractical, both for creat-
ing the model and relating it to IT design.These practical issues point to a need for a technique that com-
plements workflow modeling, one that represents this kind of
work in a way that is more useful to health IT developers. Concep-
tual models can represent the essential goals and constraints of a
case manager’s work domain without representing the complex
procedures to achieve those goals and meet those constraints. Con-
ceptual models extend workflowmodels and task analyses by add-
ing a specification of the conceptual work product that the
procedural models must accomplish. The advantage for health IT
design is that a conceptual work product abstraction separates
what must be accomplished from how it is accomplished, freeing
the designer to explore health IT options that accomplish the same
work but in a more efficient and effective manner.2. Example: case management for multiple sclerosis
The integration of conceptual models with workflow models
took place in a method called MATH [5] depicted in Fig. 1. MATH
uses concurrent engineering principles to iterate between a track
for user-centered design and a track for conventional,
technology-centered design. The objective is to converge on a
matched pair of designs: a measurably better workflow of care
and a cost-effective HIT application that preferentially supports
that workflow.
MATH addresses the principle that the work of a health IT sys-
tem is actually performed by the cognitive and manual procedures
of clinicians with the support of computers. Information resources,
including health IT applications can impose powerful constraints
on the way users can perform care. Research from cognitive
science [19] and software design [13] consistently demonstrates
that the content, organization, and representation of information
necessarily impose powerful constraints on the way users perform
their tasks. Consequently, the workflow of care and the functions of
health IT must be designed carefully in order to work together as
complementary components of the entire design. MATH has
adapted standard software modeling languages of the Object Man-
agement Group, such as BPMN for workflow models, and UML for
conceptual models [15,38], to close the gap between user-centered
design and conventional technology-centered design. These design
models enable rapid iterations until the pair works in a comple-
mentary manner to achieve the needed benefit to care at accept-
able cost, then exports key software artifacts to speed
implementation of the design in software prototypes for usability
and feasibility evaluation.
The next five sections describe the MATH steps we followed for
a study of an outpatient MS clinic within a tertiary care federal
hospital. This paper focuses on how integrating procedural and
conceptual models of work guide design. We give the most detail
for Conceptual work product modeling, Software design & feasibility,
and Evaluation. For a more detailed description of our approach to
workflow modeling and the tools we used, see [5].2.1. Discover and model the as-is care workflow
Generally, if we do not understand how care is performed cur-
rently with existing information resources then we cannot reliably
analyze anddesign cost effective improvements. In order to discover
current carepracticeweconducted semi-structured interviewswith
two physicians, one administrator, one clinical nurse, and one case
manager, over about fifteen hours. Participants were incentivized
by the opportunity to improve their work environment. Our team
conducted the interviews in pairs or triads that included at least
one subject matter expert (nurse or physician) and one researcher
specializing in design and engineering. Interviews were recorded
using field notes. As part of the interviews we collected work
Fig. 1. The MATH method for evidence-based health IT.
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clinical documentation (with patient identifying information
redacted).
The collaborative, interdisciplinary nature of care requires the
case manager to use information from many different sources.
We discovered that no single information resource supported all
of the tasks of the case manager’s responsibilities. We recorded
use of at least six partially redundant information sources: (1) a
paper copy of the clinic schedule; (2) a spreadsheet containing
around 300 individuals seen in the clinic, their past and future visit
dates, and their open orders; (3) the electronic health record
(EHR); (4) copies of treatment plans printed from the EHR; (5) a
secure patient messaging system; and (6) hand-written reminder
notes.
2.1.1. Information usage
The results from interviews and observations were encoded
as the as-is workflow model. We used the MATHflow tool to
model how work is actually done with current information
resources. The MATHflow tool and modeling techniques have
already been described in Butler et al. [5]. It is important to
emphasize that we iterated between workflow modeling efforts
and other stages of the method. As we developed the model of
current practice it revealed gaps or inconsistencies in our under-
standing of work practice or information use, which drove
focused interview questions or example reviews. We also took
steps to validate our findings by cross-referencing answers from
interviewees.
When the model was stable we conducted observation ses-
sions to further validate the model’s accuracy. One researcher
brought paper copies of the workflow model to the case man-
ager’s work area and followed sequences of tasks in the model
as the case manager performed her work. The correspondence
between the case manager’s work and the workflow model
was very strong. It validated a useful level of accuracy of the
model and provided opportunity to record additional data about
the time required to complete specific work tasks. We added
the task times to the model to use later in discrete-eventsimulations. As a final validation step we reviewed the as-is
model with key stakeholders.
MATHflow integrates information modeling with workflow
modeling. Information modeling – which is different from the con-
ceptual modeling described in Section 3.2 – captures the use and
change of information required to complete a task and/or the infor-
mation created as a result of completing a task. Each of the tasks
that make up the as-is workflow has a properties sheet for the
resources it needs. As shown at the top of Fig. 2 they include the
Performers of the task, the Time/Duration needed, and the Input/
output Information Resource for the information in the task. The
left side of Fig. 2 depicts the editor as the workflow analyst has
recorded the information that the task needs to start: the patient-
Name and the doctorOrder.
The first part of each entry shows the information resource
where the information was accessed is the Printed Doctor Notes.
The right side of Fig. 2 shows that this task transcribes the doc-
torOrder and the patientNextApptDateTime from one information
resource into another calledMS Patient Spreadsheet. This transcrip-
tion task is an example of the many overhead tasks the case man-
ager has to perform to manage multiple, overlapping information
resources in order to keep them consistent.
The analyst’s entries of information use were automatically
recorded in MATHflow’s information dictionary as associations
among tasks, information attributes, and the resources where they
were accessed or changed. As the as-is workflow was developed
the information dictionary was incrementally created as an inte-
gral part of the MATHflow model. A portion of a query report by
task of the information dictionary is shown in Fig. 3.
As shown in Fig. 3 the dictionary can be sorted by the Task
that uses or changes the information (Attribute), by Provider
(the information resource that contains Attributes), or by Attri-
bute (the name of the information). Of particular interest are
Tasks where the same information is needed for both input and
output, and multiple Providers (information resources) that con-
tain overlapping contents of Attributes. These are potential inef-
ficiencies that should be improved with better-designed health IT
applications.
Fig. 2. Using the MATHflow task editor to record information use and change.
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The workflow and the dictionary revealed that information
about treatment plans is a critical concept for the care we modeled.
Treatment plans link clinicians and staff from different disciplines
(e.g., neurology, physical therapy, occupational therapy) and roles
(e.g., laboratory technician, radiologist, pharmacist). Carrying out
the orders of a treatment plan in a timely manner is an important
aspect of care quality. In order for a treatment plan to be consid-
ered complete each of the orders within it must completed as
instructed by the expected date. Treatment plans often order tests
for results that are needed for coming exams. For many patients
getting to an exam takes hours of travel that is difficult and fatigu-
ing for them. Staying for tests can be difficult when they are tired.
But if they don’t get the tests done on time for the next exam it can
be stressful for them and waste valuable provider time.
The workflow model showed that the case manager plays a
critical role in ensuring that treatment plans are completed on
schedule. We found that the case manager has four primary
responsibilities:
 After each patient visits the clinic, review the new treatment
plan and orders for that patient.
 Between each patient’s visits to the clinic, ensure that the treat-
ment plan for that patient is progressing.
 In the week before a patient’s visit to the clinic, review the sta-
tus of the treatment plan, expedite outstanding orders, and call
the patient to remind him/her of the appointment and any out-
standing tests that need to be completed.
 Respond to ad-hoc requests from individual patients with MS
regarding a variety of issues about their treatment plan and also
new problems (e.g., MS symptom flares, medical equipment
malfunction).
The workflow model also showed that the lack of integration
between information resources causes the case manager to follow
awkward and inefficient workflows. We identified inefficiency
caused by overhead tasks to search for information and manually
synchronize multiple information sources. We also identifiedinefficiency due to frequent checking and re-checking of
information resources (e.g., order statuses). We targeted the case
manager’s workflow for improvement because the case manager’s
role was central to clinic operation and because of the poorly inte-
grated information sources made it a candidate for improvement
with better health IT.
2.2.1. Class diagram
We used the Unified Modeling Language (UML), a widely-
accepted software standard, to create a class diagram that
organizes the relevant contents of the information dictionary for
case management work. The class diagram is a conceptual model
of the entities and relationships in the work domain of case
management.
The class diagram in Fig. 4 shows that MS Case-Management is
made up of many Treatment Plans. In turn, information about
treatment plans can be organized in hierarchical layers. The top
layer identifies unique patients and the status of their plan.
The next layer down is made up of individuals’ treatment
plans, Patient-initiated Contact that may refer to Orders, and
Self-assigned Task that the case manager may record about
the Contact. The class for Patient Exam is not part of the Case
Management but Orders are dependent on it and it has the date
of the next visit in the nextAppointment attribute.
Fig. 5 showing the next level down is about active orders within
the Treatment Plan. The next layer is information about individual
orders. Fig. 5 also shows more detail about the various types of
orders and their relationships. The Order class in is a parent formul-
tiple sub-classes of more specific types of orders (e.g., Labs, Imaging,
Consults) that inherit its properties. If any Order does not have pro-
gressing for its status attribute then the Treatment Plan that contains
the lagging orderwill indicate a value of zero (hung) for its progress-
ing attribute. The sub-class for Consult also has children that inherit
its properties. For example, all six types of Consults need an appoint-
ment, which is important for tracking their states.
Figs. 4 and 5 omit some detail to simplify illustration. Not all
attributes are shown. Some order types that do not require
appointments do not show an attribute for needsAppointment. Note
that some attributes appear in multiple classes. For example,
Fig. 3. Portion of the MATHflow information dictionary.
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because the class diagram reflects the case manager’s information
usage. She finds utility in viewing the patient’s name when she
views a treatment plan and when she views an order. This does
not preclude a software system from storing the patient name in
a single location in the underlying database, but it does mean that
the user interface should display the patient name wherever a
treatment plan or an order is visible.2.2.2. State diagram
The state diagrams in Figs. 6 and 7 complement the class dia-
gram. In an abstract sense, the purpose of case management is to
monitor the transformation of the treatment plan–and the orders
contained within–from its current state to its goal state, and take
needed action if any Treatment Plan is in the hung state to return
it to progressing. The goal state for a treatment plan is when all
orders within that plan are completed in a timely manner.
Fig. 4. Upper portion of class diagram showing some of the primary entities in the work domain of case management.
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level, depending on the type of order. The top has only three states
after the plan has been approved: (1) all Orders for a given patient
are progressing in a timely manner; (2) a Plan is hung if at least one
order is not progressing as planned; (3) all orders are complete.
The more detailed, order-level portion of the state diagram in
Fig. 7 shows the states that individual orders may traverse.
The order-level state diagram reflects the different order types
and specifies the paths that each order type can transition from
its current state to another state. Mirroring the structure of the
class diagram, different order types can progress through different
state paths. For example, after a practitioner approves a Consult
Order, it moves from the New state to the Waiting for Appointment
to be Scheduled state. After a staff member schedules the consult
appointment, the order then moves to the Appointment Scheduled
state. After the consulting provider and the patient complete the
consult appointment, the order reaches theWaiting for Report state.
By contrast, Lab Test order types do not require an appointment.
After a practitioner approves a Lab Test order, the order does not
advance until a laboratory staff member obtains a specimen from
the individual. After the specimen has been obtained, the order
then moves to the Waiting for Report state.
The class and state diagrams can define the conceptual work
product of case management if rules are added to define the states
and their transitions. The rule for the two possible states for the
overall treatment plan is that any plan with one or more orders
that is not progressing is in the hung state.
In order to manage a plan proactively the case manager needs
to know whether the orders in it are progressing on time from
state-to-state, not just whether the report is already overdue. Rules
for individual orders can be defined in terms of durations in states.
For the simplest example, lab orders, such as a blood test, do not
require an appointment so the next state following order approved
is specimen obtained. So a rule could be defined that a lab test is in
the state of not progressing if the number of days that have elapsed
since the order was approved is greater than the average time to
obtain the specimen; or once the specimen was taken the number
of days is greater than the average wait for the report. These are
the situations that the case manager needs to become aware of.Similar rules can be defined using average duration in states for
more complex paths of orders that require appointments. For a
neuro exam order, if the patient has not been contacted for an
appointment within two weeks the order for a neuro exam is not
progressing, even though the overall wait may average two
months.
2.2.3. Cognitive strategy
When the case manager begins her shift, and throughout the
day, she asks the question, ‘‘Which of my patients needs my atten-
tion?” The as-is workflow revealed that the general answer to her
question is those patients who recently had or are about to have
a change in the status of their treatment plan. The usual priorities
for her attention reflect how quickly she should act:
 Patients whose treatment plan is hung and they have an exam
coming up soon.
 The rest of the patients who have an exam coming up soon.
 Patients who called about a new problem that could not be
addressed during the call.
 Patients whose plan is hung but their next exam is not soon.
 Patients who have new orders that have not been reviewed by
the case manager.
She currently spends great time and effort trying to maintain
awareness of her patients to identify the ones with these priorities,
often searching for individual patient data in several information
resources, and checking and re-checking for changes. At the time
of the study, however, there were more than three-hundred active
cases for her to manage, and the number was usually much larger.
The structure of classes for the work product of case manage-
ment has layers of information that could be exploited by a far
more effective cognitive strategy of management-by-exception if
the information were integrated and provided in a usable repre-
sentation. The concept of management by exception has existed at
least since Taylor’s The Principles of Scientific Management [20].
Management by exception is appropriate for situations where the
volume of information is too large to attend to all instances and
the plan has well defined criteria and data to identify any instances
Fig. 5. Portion of the class diagram illustrating how eleven distinct types of orders can be modeled in relation to the others.
Treatment plan 
hung
Treatment plan 
complete
Treatment plan 
approved
Treatment plan 
progressing
Fig. 6. Treatment plan portion of state diagram showing the states a treatment plan
can occupy.
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identities of patients, the status of their treatment plans, next
exam date, and any pending self-assigned actions, are at the outer
layer of the hierarchy.
A cognitive strategy of management-by-exception could also
continue by exploiting the case management product’s second
layer of information to identify which of the patient’s orders were
not progressing, as shown in Fig. 5.
After learning which orders are lagging the case manager needs
to know why and whether she should intervene. The informationneeded is in the attributes of the various sub-classes of orders
shown in Fig. 3. It is important to note that answers to questions
depend on the case manager’s experience and tacit knowledge to
interpret factual information about the case and about how the
clinic works.
The class diagramof the conceptual product of casemanagement
can serve as the information architecture for an effective cognitive
strategy of management-by-exception. As we explain in the follow-
ing section our analysis demonstrates the importance of addressing
cognitive strategy in the design of interactive health IT, making the
allocation of functions an explicit step to support it [21].
2.2.4. Pivoting to a superior user experience
The class and state diagrams specify work products in an
abstract, conceptual representation that is independent of any
technology or process to achieve it. This frees the designer to envi-
sion how to meet the needs of case management in a more effi-
cient, effective manner. A key principle is that these diagrams are
agnostic to any particular technology or workflow. Both diagrams
contain the essential requirements and constraints related to the
Fig. 7. Order-level portion of state diagram showing states the conceptual work product can traverse in finer detail.
2 http://www.axure.com.
3 http://depts.washington.edu/ahrqserv/docs/P-CMS_demo.mp4.
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workflow model would contain. For example, many tasks the case
manager currently performs depend on the way the EHR stores
and represents treatment plans. By contrast, the class diagram rep-
resents the abstract structure of a treatment plan and its compo-
nents independently of constraints imposed by any particular EHR.
The structure of the class diagram provides the organization of the
information architecture and contents for the user interface. Like-
wise, the state diagram simplifies the possible states the conceptual
work product can occupy, providing requirements for the naviga-
tional support the user interface should provide. Therefore, the class
and state diagrams facilitate a pivot away from a cumbersome cur-
rentworkflowmodel toward awork-centric, streamlined user inter-
face design with significantly improved productivity and efficiency.
The system we designed is the Patient-Centered Case Manage-
ment System (P-CMS), a standalone, web-based application based
on the workflow and conceptual models described in the previous
sections. The models use terminology, tasks, goals, needs, etc. that
come from the existing sociotechnical system of MS care, which
includes the health IT system and the routines performed by health
care workers. Ideally, integration considerations should be taken
into account in the design of health IT as part of the overall itera-
tive design process. For the purposes of this paper, development of
P-CMS provides substantial evidence that workflow modeling and
conceptual modeling can inform the design of health IT, and the
multi-faceted evaluation indicates P-CMS would improve greatly
on the existing workflow.
In the previous sections we described steps we took to under-
stand the requirements of case management for individuals with
MS. Workflow modeling revealed key use scenarios and the steps
that practitioners followed in each scenario. Conceptual modeling
of work products provided essential requirements for the informa-
tion architecture and interactivity needed to support those scenar-
ios. In the remainder of this section we describe the method and
design that satisfies these requirements. First we describe the
design iterations then we describe the organization of P-CMS and
the functions it provides.
Following standard user-centered deign methods we started
designing P-CMS with low-fidelity mockups on whiteboards, on
paper, and in Microsoft PowerPoint. A key requirement was to
organize the information in the interface to correspond to excep-
tions, as defined by the state diagrams. Three team members iter-
atively developed mockups, shared them with other team
members, and critiqued others’ mockups. These early sketches
provided the opportunity to rapidly evaluate candidate designs
according to the requirements and constraints represented in theworkflow model and the conceptual models. Once the sketches
converged and team members agreed that the requirements of
the models were met, the first interactive version of the prototype
was implemented using Axure RP.2 This prototype was exported in
HTML. Our project nurse used the HTML prototype to conduct an
informal walkthrough with the case manager to validate that she
could meet the core responsibilities of her job. The walkthrough
was successful based on the case manager’s positive feedback that
included, ‘‘This will really save a lot of time.”
P-CMS supports the use cases in Table 1. A video demonstration
of how a case manager can complete these scenarios with P-CMS is
available.3 The information architecture implemented in the system
comes from our analysis of the organization of the class diagram. The
class diagram can be interpreted in layers: (1) treatment plans for all
patients, (2) a treatment plan for a specific patient, and (3) a partic-
ular order within a particular treatment plan. P-CMS is organized
into the same layers. The main page of the system shows all treat-
ment plans, and the case manager can access a details page that con-
tains open orders grouped by order type.
The interactivity of P-CMS derives from our analysis of the state
diagram and an effective cognitive strategy for case management.
One key finding from this analysis was that the case manager’s
workload could be reduced with a strategy of management-by-
exception. In our method the role of the user interface is to repre-
sent the state of the CWP and to support user decision making for
the next action. The main page of the system provides sortable col-
umns to facilitate this strategy. For example, if the case manager is
preparing for an upcoming day of clinic she can sort on the ‘‘Next
MS clinic visit” column to see treatment plans for patients sched-
uled to come in that day. In this case, the case manager wants to
know if any of those treatment plans are not progressing on time.
If a treatment plan is not progressing, the case manager wants to
identify the order(s) responsible for the delay. P-CMS allows the
case manager to drill down to a treatment plan details page. This
page shows all open orders for a patient, grouped by order type.
The case manager can scan the status of each order to identify
those that are not completed, and she can refer to the notes for
an order to audit its history.
Table 1 lists the seven primary use cases along with a descrip-
tion of how each can be completed in P-CMS with screen images
shown in Figs. 8 and 9. The table includes pointers to the annota-
tions on the images that link each use case to the screen images.
Table 1
Seven scenarios to be completed with P-CMS.
Scenario How it can be completed in
P-CMS
Figure
1 Maintain awareness of
newly arriving
practitioners’ orders with
one click, and review
details with one more click
Sort by New Orders column
to only see treatment plans
with new orders. Access
details by clicking on a
treatment plan
Fig. 8,
annotation
1
2 Review patients with
nearing appointments and
the status of the patient’s
orders with one click
Sort by Next MS Clinic Visit
column to see treatment
plans for patients in
chronological order. Access
details by clicking on a
treatment plan
Fig. 8,
annotation
2
3 Easily survey the status all
patients with pending
orders or self-assigned
tasks with one click, and
identify which are not
progressing on-schedule
Sort by Order/Task Age
column to move treatment
plans to the top that
contain orders or tasks
with expected completion
dates that have passed
(followed by those that are
most near missing an
expected completion date)
Fig. 8,
annotation
3
4 Open a summary of each
patient record with aging
orders to identify which
orders are not progressing
Click any treatment plan on
the main page (Fig. 8) to
open a details page (Fig. 9).
The details page shows the
patient’s open orders,
grouped by order type
Fig. 9
5 Identify an order that is not
progressing, understand
why, and decide on the
proper action (e.g.,
intervene, make a note on
the order, make a follow-up
date, etc.)
For each order the system
provides the ordered-on
date, the expected
completion date, the status
of the order, and any notes
or recent changes to the
order’s status
Fig. 9,
annotations
5a, 5b, 5c,
5d
6 Quickly find any patient’s
current orders and status
Search by patient name in
the search field on the main
page of the system
Fig. 9,
annotation
6
7 Answer patients’ questions
or self-assign tasks with
due dates to find out
Search by patient name for
easy access to the patient’s
treatment plan. If
necessary, add a self-
assigned task to follow up
with the patient at a later
date
Fig. 9,
annotation
7
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We revised the as-is MATHflow model to create a streamlined
to-be workflow based on the use cases in Table 1 that used the
information architecture of the class diagrams in Figs. 4 and 5.
The Figs. 10 and 11 below illustrate how P-CMS would improve
the workflow of case management. Both figures show a small piece
of the clinic-wide workflowmodel. Fig. 10 shows the steps the case
manager followed to prepare for an upcoming day of clinic. In this
workflow the case manager must use several different, overlapping
information resources: a printed copy of the clinic schedule, a
spreadsheet for tracking work done on patients’ orders, the elec-
tronic health record, etc. The case manager must not only integrate
the information from different resources, but also do overhead
work to align data across these resources (e.g., update a spread-
sheet to match the EHR). Fig. 11 shows how using P-CMS elimi-
nates overhead tasks, streamlining the workflow and making it
more efficient. In this new workflow, because P-CMS is organized
to support the case manager’s work, many overhead tasks and
awkward flows are eliminated. Since the multiple resources have
been eliminated there is no opportunity to do the tasks they
required.
We estimated the impact on the case manager’s workload in
simulations using MATHsim, a discrete event simulation enginethat reads MATHflow models [5]. We compared the MATHsim
results of the as-is baseline model with MATHsim results of how
the to-be workflow is likely to change if P-CMS were deployed.
MATHsim outputs probability distributions for any parameter
in the MATHflow model. Running simulations on models to assess
effectiveness of different aspects of health care has been done since
as early as the mid 1950s [22]. As computers have become more
powerful, simulating models have grown in popularity and are
accepted tools for analyzing workflows in health care settings
[23,24].
The MATHsim simulator takes three simulation parameters: (1)
the number of independent trials, (2) the number of instances per
trial, and (3) the time between start events. An independent trial
represents one complete simulation. In this case, a complete simu-
lation corresponded to one month of clinic operation. One instance
per trial corresponds to one entity flowing all the way though the
workflow model. Since roughly 80 patients were seen in the clinic
per month during the time of our study, the number of instances
per trial was 80. The time between start events is analogous to
the average time between visits. In this clinic, visits began every
60 min.
Fig. 12 below illustrates quantitative estimates for the way P-
CMS is predicted to improve workflow. In our method these results
provide formative evidence about the impact of a new health IT
application on workflow before building and deploying it. Earlier
studies showed strong correlation of MATHsim predictions with
alpha test results [5]. Much of the as-is workflow remained the
same. However, we were able to consolidate redundant activities
and eliminate unnecessary overhead tasks in key areas because
the P-CMS meets the requirements of the conceptual work product
in a more focused and efficient manner than the as-is system. Many
of the overhead tasks were eliminated completely, and new tasks
that are more relevant to clinical care appear. We revised the
to-be model with time estimates for new tasks from the usability
test results.
When we compared discrete event simulation results of the two
models we found that using P-CMS would save more than 15%
(4.52 h) of the nurse case manager’s time spent on the use scenar-
ios in the workflow models for an average of 80 patients per week.
In the simulations, the as-is workflow takes an average 28.94 h
(SD = 2.86 h), and the to-be workflow takes an average of 24.42 h
(SD = 2.67). An independent-samples t-test was conducted to com-
pare the time required for case management of 80 patients in the
current and predicted workflow models. The difference was statis-
tically significant; t(58) = 6.22, p < 0.001.
The simulation results reflect the elimination of overhead tasks
the case manager has to perform to manage the multiple, overlap-
ping information resources she must deal with currently in order
to do her job. These tasks are a form of overhead that should be
eliminated or reduced because they have no clinical purpose. Over-
head from clinical information resources is more than just unnec-
essary work. Each additional task increases the disruption of
cognition and the likelihood of errors. At its worst this form of
overhead disguises the true nature of clinical work.
The conservative average of 4.52 h saved for the clinic’s average
of 80 patients per week is clinically meaningful in a busy, under-
staffed health care setting. Rather than spending this time as a data
clerk, manually moving information between paper and digital
systems, the case manager can work at the top of her skill level
to provide more proactive, patient-centered care.
This kind of comparison between a model of current workflows
and a model of anticipated workflow improvements is useful
within the method as a guide for decision-making as well as for
the purposes of this paper, to provide evidence that the method
is effective. Within the method, comparing a model of existing
workflows with a model of candidate workflows provides informed
1 2 3
6
Fig. 8. Main page of P-CMS, sorted by date of next MS clinic visit. The dotted line indicates that the list of patients continues beyond what is shown in the screen capture.
Fig. 9. Example of order details page in P-CMS. All patient data shown is fictitious.
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Fig. 10. Example of current workflow. In comparison with Fig. 11, this workflow includes many overhead tasks as a result of poor integration of information resources.
Fig. 11. Portion of workflow enabled by the new system for case management. In
comparison with Fig. 10, this workflow requires fewer steps because many
overhead tasks were eliminated.
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Fig. 12. Comparison of simulations of current and improved workflow models.
Error bars represent standard error of the mean.
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These predictions can inform design and implementation deci-
sions. For design, these predictions can feed back into additional
design iterations. For example, comparing a set of candidate
designs could help a design team decide which to implement as
a prototype for feasibility evaluation and to serve in later usability
evaluations. We evaluated the impact of different versions of
P-CMS and also simulated one other system with similar objectives
as P-CMS.Estimates based on discrete event simulations are a type of for-
mative evidence that is available to guide design. MATHsim results
are predictions that can be verified when a version of a system is
evaluated during eventual use. Previous evaluation studies of
MATHflow simulation results for a patient contact system showed
strong concordance between predicted and actual improvements
[5].2.4. Software design & feasibility
Model-based design makes assumptions to predict how compo-
nents of the design will behave when a system is deployed. Good
practice checks those assumptions with formative evaluations as
part of the design method. We conducted evaluations to check
the technical feasibility: (1) of accessing the needed data without
changing the EHR, (2) for implementing the needed functionality
as a web application that could run separately from the EHR. An
evaluation of usability was also conducted with a sample of qual-
ified users testing the prototype. We distinguish between these
formative evaluations to guide design and summative evaluations
of the final system to assess its readiness to begin alpha testing.2.4.1. Data feasibility
The use of standard software models [38] for the conceptual
work product enabled the evaluation of data feasibility. We evalu-
ated the feasibility of satisfying the data requirements without
modifying the EHR. The first step developed a table of links from
the P-CMS database (created separately) and corresponding links
to the VA Regional Data Warehouse (RDW) at the VISN 20 (north-
west) VA with specific focus on the Puget Sound VA and the Rehab
Multiple Sclerosis Clinic (‘‘RCS S Multiple Sclerosis”). A portion of
the table is shown as Fig. 13.
A key question was whether each datum in the P-CMS require-
ments could be satisfied in an externally accessible source, such as
a data warehouse. In the first step of the feasibility check we
mapped the P-CMS database schema to the schema for a patient-
level database in the regional data warehouse. The data warehouse
extracts new data from patients’ electronic records daily, including
records for patients seen in the MS clinic we studied. This linkage
would enable near real-time surveillance of MS patients using the
P-CMS tool for clinical orders, lab results, radiology results, consult
and appointment tracking.
Fig. 13. Portion of the Data Mapping Analysis.
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For the next step of feasibility evaluation we created realistic
but fictional patient data set to match the data warehouse database
schema and successfully imported it into the P-CMS database. This
import demonstrates that it would be feasible to for P-CMS to
obtain the needed data from the warehouse. A functional proto-
type was developed to explore how a web application could pro-
vide the required functionality to manage and present the data
to clinician users and support the needed user interactions, all
without having to change the EHR code. This prototype incorpo-
rated the design concepts from our earlier user interface proto-
types, and in addition ran on the test database.
The user interface of the prototype was developed in a combi-
nation of HTML, Javascript, CSS and JQuery. The rest of the software
development was done with an Apache web server running on a
laptop, a MySQL database containing the fictional patient record
data, and PHP, a server-side scripting language for the business
logic and database connectivity. The web application contained
4623 lines of code, not including jQuery libraries used for some
of the user interface. The software development effort took about
three workweeks to build and test over several iterations of soft-
ware testing.
2.5. Usability test
The next test of assumptions was a usability test on the func-
tional P-CMS prototype. The objective was to determine how well
intended users could perform the use cases by following the
planned procedures. Seven registered nurses were recruited from
an academic medical center. Participants were screened to ensurethey had patient case management experience, though experience
with MS case management was not required. After viewing a 5-
min screen-capture video that illustrated how to use the interface
each participant performed the seven scenarios that drove design.
We used the TURF EHR Usability Toolkit to capture user activity
(e.g., keystrokes, mouse clicks, and mouse movements) and timing
information [25]. After the seventh scenario, participants com-
pleted the System Usability Scale (SUS). This is a 10-question sur-
vey that has good reliability, face validity, and concurrent validity
[26 May 2009,27]. At the end participants had the option to pro-
vide ad hoc feedback on the prototype.
The most important finding was that with few exceptions the
test users performed their procedures to interact with P-CMS as
they were planned during the design of the user interface. The
results of the usability evaluation summarily demonstrated that
the prototype has above average usability based on the SUS score
of 71.8. In general, usability scores above 68 are considered to be
above average [27,28]. These conclusions are also consistent with
participant reports. In the ad hoc feedback portion of the study,
two participants wrote that the interface was ‘‘not cluttered,”
which reflects our aim to provide the necessary information and
functions in a way that is well organized and easy to interpret. Par-
ticipants also reported that they thought the interface was ‘‘easy to
learn” and that it was ‘‘easy to find what they needed,” which indi-
cates the interface is intuitive.
Fig. 14 shows the time it took for participants to finish each sce-
nario. Numeric labels on the bars indicate the average time in sec-
onds, and error bars indicate the standard deviation.
Results from user testing identified opportunities to further
improve usability of the prototype. These included adding keyword
Fig. 14. Timing results from testing the seven scenarios with representative end users. Numeric labels indicate average time (seconds) to complete each scenario. Error bars
represent standard error.
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the confusing use of the exclamation point symbol to represent
‘‘new” status of orders, and simplifying the method used to sort
and filter the list of patients. A recent version of P-CMS was
demonstrated in a video available at http://depts.washington.
edu/ahrqserv/docs/P-CMS_demo.mp4.
3. Conclusion and discussion
Model-based design can be applied to interactive health IT to
support conceptual work. The innovation we report here is to make
explicit the nature of the conceptual work product that a workflow
must produce through the tasks of clinicians and the functions of
computers. We illustrated how class diagrams and state diagrams,
both well-established standards for declarative knowledge model-
ing, can represent the conceptual work product of case manage-
ment for MS outpatient care. The state of the art previously was
limited by vague definitions of conceptual work in terms of activ-
ities or features. Conceptual work products can specify clearly
what an interactive health IT system must be able to accomplish
in a manner that is independent of any particular technology, pro-
cess, or even cognitive strategy. They serve as an important com-
plement to conventional procedural models. They clarify what an
interactive health IT system must accomplish to be successful,
reduce the complexity of workflow models that guide the design
of health IT. When modeled as class and state diagrams they can
be translated into detailed software specifications for
implementation.
3.1. Generality of P-CMS to other chronic diseases
The United States spends 75% of health care dollars on the treat-
ment and management of chronic illnesses [29]. By 2030 the num-
ber of people over 65 years of age is expected to double, drastically
increasing the need for chronic illness management [30]. MS is an
example of a chronic, progressive disease [31]. MS disables individ-
uals by attacking their nervous system. No cure is known, so dis-
ease management for a person with MS focuses on preventing
progression, treating exacerbations, managing symptoms, and pro-
viding rehabilitative services to maximize the individual’s function
[31].
Case managers play a critical role in the management of chronic
diseases like MS. Much of a MS case managers’ work involves mon-
itoring cases for individuals with MS, interpreting medical infor-
mation, forming judgments, and deciding if intervention is
warranted. This work requires considerable experience and tacit
knowledge along with clinical information from many sources,.
When the required information is not readily available in anintegrated system, case managers must spend time and energy
searching, managing, and coordinating information manually.
There is strong potential to generalize P-CMS for use in other
chronic disease specialties, such as oncology, neurology, or cardiol-
ogy. Aspects of MS case management could be readily applied
without changing the fundamental design of P-CMS. It is likely that
case managers for other chronic diseases also need to perform
many of the same use cases. In addition, the P-CMS architecture
can be extended and tailored to the specific requirements of other
chronic diseases. For example, it would be possible to add new col-
umns to the main page of P-CMS to enable a case manager to sort
patients along additional dimensions. More work would be needed
to assess P-CMS for other care contexts. Such an assessment could
explore the amount of the workflow model that could be reused
and adapted to reconfigure P-CMS for a different type of clinic.
3.2. Relationship to other model-based design and evaluation methods
Current best practice for model-based, user-centered design
relies heavily on procedural scenarios, task analysis, and use-
cases, with iterative prototyping and user testing [32]. Our method
complements and extends these proven techniques with concep-
tual modeling. In particular, conceptual models of work products
complement procedural models because conceptual models can
capture essential features and requirements of a work domain
without the complexity introduced by particular information sys-
tems or work procedures. As we demonstrated above, workflow
models are very useful for understanding how work is actually
done in a particular context. We also demonstrated how workflow
modeling can point to opportunities for health IT to improve health
care work. However, workflow modeling becomes complex when
the work relies heavily on tacit knowledge. Workflow modeling
captures overt, transactional work well, but it is not as effective
to capture covert mental work. Conceptual modeling can represent
the key entities and constraints of a work domain in a compact
way that provides clear benefits for health IT designers. For exam-
ple, a class diagram can provide clear guidance about the informa-
tion architecture in use in a work domain, and a state diagram
helps the designer provide interactive system features in the right
places and at the right time for health care users.
In technical, safety-critical domains like health care developers
should not rely only on intuition when designing interactive sys-
tems to support health care work because the consequences of get-
ting it wrong are so high. It is critical for designers to consider
explicitly the products of conceptual work toward which health
care workers strive. We have demonstrated an analysis and design
method that incorporates conceptual work products to forge a
clear connection between applications of technology and the
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better fundamental design decisions [33], and greater precision in
design reduces the cost and unpredictability of systems develop-
ment for a variety of systems.3.3. Generality of the method
We believe the contributions in this paper can be leveraged
beyond this research toward the improvement health care delivery
in several ways. We generated an effective design solution by
clearly understanding the specific work products that needed to
be produced in the workflow. There exist other areas in health care
that also have conceptual work products that are similarly
problematic.
Care for individuals with MS poses design challenges that are
commonly found in other health care contexts. One of these chal-
lenges is that the work requires considerable tacit knowledge.
Nonaka writes that tacit knowledge is ‘‘highly personal,” ‘‘difficult
to formalize,” and ‘‘hard to communicate to others” [34]. Polanyi
famously wrote, ‘‘We can know more than we can tell” [35]. Tacit
knowledge is indisputably part of many health care practitioners’
work. Because tacit knowledge is difficult to formalize and com-
municate with procedural models it obfuscates the information
requirements of work. Our approach increases the precision with
which health IT designers can understand tacit work requirements
and translate them into health IT applications that meet clinician’s
needs.3.4. Limitations
We acknowledge important limitations of this study. Methodol-
ogy validation is notoriously complex. The method we reported has
many advanced aspects. It would take many controlled studies to
isolate and evaluate which of them is the most beneficial. The pro-
totype from our example ultimately focused on supporting the
coordination of care by the MS case manager. This focus was justi-
fied because her workflows were very inefficient and her work
products were central to the functioning of the clinic. However,
it is possible that this case manager’s conceptualization of case
management work is different from others’. We mitigated this risk
by conducting user testing with case managers from different
health care organizations. The statistical analysis indicates that
the usability of the design should generalize to similar users. It is
also possible that introducing this tool in a different complex clinic
setting could affect others’ work in unanticipated ways. Creating
robust workflow models and validating them with clinicians were
two techniques we used to reduce the likelihood of unanticipated
consequences.
The study was conducted during a period of lower patient vol-
ume in the clinic. While 80 patients per month may be a low esti-
mate, we are unable to forecast how the case manager and others
in the clinic would work differently under higher or lower patient
volumes. We believe that P-CMS would scale up to a higher patient
volume, but this requires further evaluation.
Our method does not eliminate the need for expertise and sub-
jective judgments about the design of user interfaces. Conceptual
models reveal an information architecture that matches users’
requirements well, but does not tell us the representation of the
information that should be implemented in the user interface.
Our method complements but does not replace established meth-
ods and best practices for user-centered design.
All these factors mean that model-based design requires a high
level of training. Although the faster pace of design and implemen-
tation justifies the initial work to discover and build models of
care, model-based design projects can be difficult to start fromscratch. We do expect, however, that the reuse of generalizable
models will gradually decrease the cost of starting a project.
3.5. Additional benefits
Two additional benefits of conceptual work products require
more explanation. They enable greater precision and economy
for the design of interactive health IT, and they allow model check-
ing to be extended to interactive systems.
When developers lack good definitions of the product a health
IT system is supposed to accomplish they may over-supply fea-
tures and data to assure that users have everything they need. In
addition to needless expense this practice clutters health IT with
features that are irrelevant in much of the workflow. The clutter
can add to confusion for users because it obscures how features
relate to the appropriate care they want to give.
Conceptual work product models definewhat is supposed to be
produced in a manner that is independent of how procedures can
produce them. In terms of system engineering principles the activ-
ities of a workflow operate on an entity and they are supposed to
transform it into something more valuable. By making an entity
of a care workflow explicit, as with a conceptual work product,
complex clinical systems can be evaluated objectively for their
ability to accomplish the conceptual work that is expected of them.
This principle can provide important guidance to workflow ana-
lysts as they build models. It allows them to focus on activities that
change the state of the conceptual work product. Activities that
don’t change the state may be classified as overhead and mini-
mized for efficiency.
As health IT is introduced to more areas of clinical care, the
workflows that are made up of the tasks of clinicians and the func-
tions of computers will become more complex. It is increasingly
important to verify health IT systems for effectiveness, reliability,
and safety. Conceptual work products enable powerful model
checking technology [36,37] to be applied to verify the workflows
of interactive health IT systems. We have demonstrated how they
can serve as a new form of evaluation criterion for model-checking
[39]. We have begun research to explore how the powerful auto-
mated reasoning of model checking, combined with the rigor of
conceptual work product specifications, can make it practical to
use verification to achieve major increases in the safety, reliability
and effectiveness of interactive health IT systems.Conflict of interest
The authors declared that there is no conflict of interest.
Acknowledgments
This project was supported by Grant Number R01HS021233
from the Agency for Healthcare Research and Quality. The content
is solely the responsibility of the authors and does not necessarily
represent the official views of the Agency for Healthcare Research
and Quality. This material is the result of work supported by
resources from the VA Puget Sound Health Care System, Seattle,
Washington. We gratefully acknowledge participation by the
VHA MS COE West and VHA Office of Informatics and Analytics.
The research with human subjects was conducted in accordance
with UW IRB 40065, VA IRB MIRB0553, and UT-Houston IRB
HSC-SBMI-14-0136. We would like to thank Dr. Lucas McCarthy
for his analysis of data feasibility, Dr. Chris Esposito for program-
ming P-CMS, Christina Chung for assistance with data collection
and analysis, Yi-Chen Sung for assistance designing prototypes
and figures, and Tongfang Sun for assistance with manuscript
preparation.
30 A.B.L. Berry et al. / Journal of Biomedical Informatics 59 (2016) 15–30References
[1] Testimony of the American Medical Association: Implementation and Usability
of Certified Electronic Health Records, Health IT Policy Committee’s
Workgroups on Certification/Adoption and Implementation, 2013.
[2] Y. Chen, Documenting transitional information in EMR, in: Proceedings ACM
CHI’10, 2010, pp. 1787–1796.
[3] J.S. Ash, D.F. Sittig, E.G. Poon, K. Guappone, E. Campbell, R.H. Dykstra, The
extent and importance of unintended consequences related to computerized
provider order entry, J. Am. Med. Inform. Assoc. 14 (2007) 415–423.
[4] P. Carayon, Human factors in patient safety as an innovation, Appl. Ergonom.
41 (2010) 657–665.
[5] K.A. Butler, A. Bahrami, K. Schroder, M. Braxton, L. Lyon, M. Haselkorn,
Advances in Workflow Modeling for Health IT, in: Better EHR: Usability,
workflow, and cognitive support in electronic health records. National Center
for Cognitive Informatics & Decision Making in Healthcare, 2014.
[6] K.M. Unertl, L.L. Novak, K.B. Johnson, N.M. Lorenzi, Traversing the many paths
of workflow research: developing a conceptual framework of workflow
terminology through a systematic literature review, J. Am. Med. Inform.
Assoc. 17 (2010) 265–273.
[7] J. Zhang, M.F. Walji, TURF: Toward a unified framework of EHR usability, J.
Biomed. Inform. 44 (2011) 1056–1067.
[8] P. Carayon, B.T. Karsh, R. Cartmill, P. Hoonakker, A.S. Hundt, D. Krueger, et al.,
Incorporating Health IT Into Workflow Redesign: Request for Information
Summary Report. AHRQ publication, 2010.
[9] B. Kirwan, L.K. Ainsworth, A Guide to Task Analysis: The Task Analysis Working
Group, CRC Press, 1992.
[10] J. Annett, Theoretical and Pragmatic Influences on Task Analysis Methods,
Cognitive Task Analysis, 2000, pp. 25–37.
[11] J. Annett, Hierarchical Task Analysis. Handbook of Cognitive Task Design, 2003,
pp. 17–35.
[12] S. White, D. Miers, BPMN Modeling and Reference Guide, 2008.
[13] K.A. Butler, J. Zhang, C. Esposito, A. Bahrami, R. Hebron, D. Kieras, Work-
centered design: a case study of a mixed-initiative scheduler, in: Proceedings
of the SIGCHI Conference on Human Factors in Computing Systems: ACM,
2007, pp. 747–756.
[14] K.A. Butler, A.J. Hunt, J. Muehleisen, J. Zhang, B. Huffer, Ontology models for
interaction design: case study of online support, CHI’10 Extended Abstracts on
Human Factors in Computing Systems, 2010, pp. 4525–4540.
[15] I. Jacobson, Object-oriented Software Engineering: A Use Case Driven
Approach, Pearson Education India, 1992.
[16] J. Dowell, Formulating the cognitive design problem of air traffic management,
Int. J. Human–Comput. Stud. 49 (1998) 743–766.[17] J. Rasmussen, Information Processing and Human–machine Interaction. An
Approach to Cognitive Engineering, North-Holland, 1987.
[18] D.E. Rumelhart, D.A. Norman, Representation in memory, in: R.C. Atkinson, R.J.
Herrnstein, G. Lindzey, R.D. Luce (Eds.), Stevens’ Handbook of Experimental
Psychology, second ed., Wiley, New York, 1988.
[19] J. Zhang, D.A. Norman, Representations in distributed cognitive tasks, Cognit.
Sci. 18 (1994) 87–122.
[20] F.W. Taylor, The Principles of Scientific Management, Harper, 1914.
[21] S. Dekker, D. Woods, To intervene or not to intervene: the dilemma of
management by exception, Cogn. Technol. Work 1 (1999) 86–96.
[22] W. England, S.D. Roberts, Applications of computer simulation in health care,
Proceedings of the 10th Conference on Winter Simulation, vol. 2, IEEE
Computer Society Press, 1978, pp. 665–677.
[23] J. Jun, S. Jacobson, J. Swisher, Application of discrete-event simulation in health
care clinics: a survey, J. Operat. Res. Soc. (1999) 109–123.
[24] D. Fone, S. Hollinghurst, M. Temple, A. Round, N. Lester, A. Weightman, et al.,
Systematic review of the use and value of computer simulation modelling in
population health and health care delivery, J. Publ. Health 25 (2003) 325–335.
[25] TURF EHR Usability Toolkit. University of Texas Health Science Center at
Houston: SHARPC, NCCD, 2008.
[26] A. Bangor, P. Kortum, J. Miller, Determining what individual SUS scores mean:
adding an adjective rating scale, J. Usabil. Stud. 4 (2009) 114–123.
[27] J. Sauro, Measuring Usability with the System Usability Scale (SUS), 2011.
[28] Usability.gov. System usability scale (SUS), <http://www.usability.gov/how-
to-and-tools/methods/system-usability-scale.html2014>.
[29] Chronic disease prevention and health promotion, Centers for Disease Control:
Centers for Disease Control, 2013.
[30] American Hospital Association, When I’m 64: How Boomers will Change
Health Care, 2007.
[31] M.S. About, National Multiple Sclerosis Society, 2013.
[32] ISO 13407:1999, Human-centered Design Processes for Interactive Systems.
[33] D. Kieras, K.A. Butler, Task Analysis & the Design of Functionality. Computing
Handbook, Information Systems and Information Technology, Taylor & Francis,
2014.
[34] I. Nonaka, The knowledge-creating company, Harvard Bus. Rev. 69 (1991) 96–
104.
[35] M. Polanyi, The Tacit Dimension, 1967.
[36] E.M. Clarke, Model Checking, in: O. Grumberg, D. Peled (Eds.), MIT Press, 1999.
[37] E.A. Emerson, The Beginning of Model Checking: A Personal Perspective. 25
Years of Model Checking, 2008, pp. 27–45.
[38] G. Booch, J. Rumbaugh, I. Jacobson, The Unified Modeling Language User Guide,
1999, Addison-Welsley Longman Inc., 2010.
[39] K.A. Butler, E.G. Mercer, A. Bahrami, C. Tao, Model Checking for Verification of
Interactive Health IT Systems, AMIA Annu. Symp. Proc., 2015.
